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Abstract:
The Deep Underground Neutrino Experiment (DUNE) is a leading-edge experiment designed to
perform neutrino science and proton decay searches. In particular, the far detector will consist
of four 10-kton Liquid Argon (LAr) Time Projection Chambers using both single and dual-phase
technologies. The latter provides charge amplification in the gaseous phase. In order to optimize
these designs, two large prototypes are taking data at CERN since 2018. Previously, a dual-phase
4-tonne demonstrator was constructed and exposed to cosmic muons in 2017 and exhibited good
performance in terms of charge and light collection.
The light detection system is important to provide a trigger to the charge acquisition system
and to obtain additional information from the scintillation light produced in the particle interaction.
In the demonstrator, five cryogenic photo-multipliers were installed with different base polarity
configurations and wavelength shifting methods. During the detector operation, scintillation light
data were collected in different drift and amplification field conditions. An overview of the light
detection system performance and results on the light production and propagation are presented.
Our studies allowed to improve the understanding of some LAr properties.
Keywords: Noble liquid detectors (double-phase), Photon detectors, Scintillation and light emis-
sion processes, Data analysis, Models and simulations
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1 Introduction
The next generation neutrino experiment DUNE [1] primarily aims to investigate CP-violation in
the leptonic sector and to study the neutrino mass hierarchy. To pursue these goals, DUNE plans
to build a far detector made up of four Time Projection Chambers (TPCs) filled with 10-kton of
Liquid Argon (LAr). The detector design consists of both single and dual-phase (DP) technologies.
The DUNE physics program also includes proton decay searches and study of low energy neutrinos
from supernova core-collapse.
In these detectors, a particle crossing the LAr volume produces ionization and excitation of
the Ar atoms. The presence of an electric field suppresses possible recombination processes and
allows the drift of the ionization electrons collected on a finely segmented anode plane. In the DP
configuration, while longer drift paths are possible, higher signal-to-noise ratio can be achieved
thanks to the signal amplification in the Gas Argon (GAr) phase; there the electrons are extracted
and multiplied by a stronger electric field in the Large ElectronMultiplier (LEM) holes. In addition,
complementary information is obtained from two benchmark light signals, the prompt scintillation
light (S1), produced in the LAr phase, and the electro-luminescence light (S2), from the electrons
acceleration in GAr amplification region. This light, generated at ∼128 nm, is typically collected
by photo-multipliers tubes (PMTs) where a wavelength shifter makes its detection possible. More
details on the light photon detection systems in the DUNE DP design can be found here [2].
2 Detector description, light detection system and trigger systems
The scalability of the DP technology toward the kiloton-scale far detector modules is being demon-
strated through the performance of two prototypes built at CERN: the 4-tonne demonstrator [3]
exposed to cosmic rays in 2017, with a LAr fiducial volume of 3×1×1 m3, and the 300-tonne
ProtoDUNE-DP detector [4], with a fiducial volume of 6×6×6 m3 of LAr, currently under commis-
sioning. The operation of the 4-tonne demonstrator had the important role to prove the feasibility
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of such technology at the ton scale. It demonstrated the capability to drift the electrons over 1 m,
and to extract, amplify and collect them on a 3 m2 charge readout plane (CRP). The CRP consisted
of 50x50 cm2 LEM-anode units pre-assembled together.
The light detection system was composed of five eight inches cryogenic R5912-02Mod 1 PMTs
[5] positioned behind the cathode. The performance of different PMT-base polarity configurations
(positive and negative bases) and wavelength shifter coatings were tested. Tetraphenyl-butadiene
(TPB) was selected as wavelength shifter and applied using two different methods: a direct coating
over the PMT photo-cathode or over a poly-methyl methacrylate (PMMA) plate installed above the
PMT surface, both shown in figure 1 - left.
In order to trigger on crossing muons, two alternative systems were developed: a PMT self-
trigger and an external Cosmic Rays Tagger (CRT) trigger. The self-trigger was based on a five-fold
coincidence of the prompt scintillation light signal from the 5 PMTs, providing the t0 time for the
charge DAQ. The CRT trigger was given by two pairs of 1.8x1.8 m2 scintillator panels [6] positioned
outside the cryostat, figure 1 - right. Due to the geometrical acceptance of the CRT panels, the
typical trigger rate was around ∼ 0.3 Hz.
Figure 1. Left: Picture of the two TPB coating options used as a wavelength shifter in the 4-tonne
demonstrator: direct coating over the PMT photo-cathode (a) or over a poly-methyl methacrylate (PMMA)
plate (b). Right: Picture of a pair of CRT panels positioned outside the cryostat walls (a), each panel is
made by 16 strips to allow tracks reconstruction (b), the picture is taken from [6].
3 Light signal characterization
A detailed analysis of the prompt scintillation light signal has been performed considering the light
yield and the scintillation time profile features in different detector conditions. The characterization
of the electro-luminescence light was possible thanks to the development of a dedicated algorithm
to reconstruct the S2 signal. The study of the S1 and S2 signals allowed to retrieve additional
key information on the light produced by the muons crossing the demonstrator and its propagation
inside the LAr active volume.
3.1 Study of the Rayleigh scattering length
The knowledge of light propagation in the LAr is not completely understood, hence the combination
of data analysis with the MC simulation is crucial to investigate optical parameters. The simulation
1http://pdf1.alldatasheet.com/datasheet-pdf/view/397633/HAMAMATSU/R5912-02.html
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of the scintillation light in the 4-tonne demonstrator is based on the NEST model [7] that predicts
the amount of light produced and the timing for each interaction. The interactions are generated
reflecting the muons kinematic measured by the CRTs. The light is propagated using 3D light
collection maps that estimate and assign the number of photons detected by each PMT. The
Rayleigh scattering and the absorption lengths are introduced as parameters of the collection
probability assigned to each photon and stored in the 3D light maps. The propagation in the LAr
and GAr phases is obtained from two separate maps[9].
The Rayleigh scattering length was studied considering the correlation between the light collected
by each PMT and the minimum approach distance between a muon track and a PMT photo-cathode.
Different values of the Rayleigh scattering length are given in literature: 55cm and 163cm [8], [10],
and were used in the simulations. As shown in figure 2, given the maximum PMT-track distances
(∼1m) our measurements are compatible with both λRay=55 cm and λRay=163 cm.
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Figure 2. Study of the Rayleigh scattering length in the 4-tonne demonstrator. Two different values of the
Rayleigh scattering length parameter were simulated: 55cm and 163cm; the 4-tonne data are shown in blue.
3.2 The scintillation light
The scintillation light is produced by the de-excitation of the Ar∗2 excimers (Ar
∗
2 → Ar + Ar + γ);
their formation can be caused either by the direct excitation of Ar (Ar∗ + Ar → Ar∗2) or by the
recombination of the Ar+2 + e
− pairs produced by ionization (Ar+ + Ar → Ar+2 + e− → Ar∗2).
The characterization of the scintillation signal was possible fitting the time profile of the selected
muons. The fit function is the convolution of a Gaussian, to model the detector response, with three
exponentials:
F(t) = G(t − t0, σ) ⊗ Σi= f ,i,s(Ai/τi) × exp(−(t − t0)/τi) (3.1)
Two exponential functions are used to describe the fast de-excitation from the singlet state (τf ast ∼6
ns), and the slow de-excitation from the triplet state (τslow ∼1.6 µs) [11]. Given the measured
scintillation time profile, an additional intermediate component was needed to fit the transition
region between the fast and the slow components. The origin of the intermediate component has
not been identified yet but various hypotheses have been proposed, one of those suggests that the
TPB can be the cause of such third delayed re-emission [12]. With our model, we didn’t test directly
any specific hypothesis on the origin of the intermediate component, nevertheless, including the
results of all the data collected, the value found for the intermediate decay time is (50.3 ± 6.4) ns.
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The relative probability amplitude of each component is obtained from the normalization constants
(Ai), where i index refers to fast, intermediate and slow components.
The scintillation time profile is very sensitive to the detector conditions; in particular, the slow
component is affected by the possible presence of impurities that quenches the scintillation light
(e.g. O2 and N2) [13]. Monitoring of the LAr purity is possible through the measurement of the
τslow value. In the 4-tonne demonstrator, this value remained stable for more than five months of
data taking. Including the results from all the runs collected in absence of drift field, τslow = (1.43
± 0.04) µs is found, in agreement with [14]. This value is consistent with the amount of impurities
measured at the end of the cooling down phase by RGTA (in particular, [O2] ∼ 50 ppb), and with
the electron lifetime measurement [3].
The presence of the drift field tends to suppress the recombination process; consequently,
the amount of scintillation light is expected to be reduced [15]. At the nominal drift value (0.5
kV/cm), the fraction of light measured shows a decreasing of ∼ 40% compared with the light
produced in the absence of such field. Additionally, from the comparison of the average waveforms
collected increasing the drift field, an effect on the fit parameters is measured. The main results are
summarized in figure 3; the data analyzed includes results from a dedicated drift field scan collected
under controlled purity conditions (in the range 0-0.56 kV/cm) and all other data available in the
two trigger conditions. The τslow values tend to decrease when the drift field increases. Given
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Figure 3. Effect of the drift field on the scintillation time profile fit parameters. The τslow dependence with
the drift field is shown on the left and the trend of the Af/Asratio is shown on the right.
the theoretical description of the LAr excitation, no dependence of the τslow with the drift field
is expected; nevertheless, the trend is robust with all the data analyzed and it does not show any
evident connection with the trigger conditions. We have not find yet a valid explanation for this
behavior, dedicated measurement should be carried out to confirm our measurement. On the other
hand, the two probability amplitudes of the de-excitation from the singlet, Af , and the triplet levels,
As, are expected to change for the effect of the drift field. The mean value of the ratio Af/As tends
to increase as a function of the drift field, as it is shown in figure 3 - right. Similar behavior has
been observed considering the ratio (Af + Ai)/As. Our results are in direct contradiction with what
has been reported in literature [17] where LAr purity conditions may have been different.
The behavior of the intermediate component as a function of the drift field is shown in figure
4. Neither the τint nor the intermediate probability amplitude show any dependence with the drift
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field. Other experiments [18], report values of the ratio (Af + Ai)/As measured in absence of drift
field, however any dependence of the ratio (Af + Ai)/As with the drift field is reported.
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Figure 4. Measurement of the decay time of the intermediate component; the average value measured is
indicated by the gray band and corresponds to τint = (50.3 ± 6.4) ns.
3.3 The electro-luminescence light
The electro-luminescence light (S2) gives complementary information to the 2D charge track
trajectory. For reconstructed muon-like events, it is possible to retrieve the S2 signal parameters
as the time, the duration, the amplitude, and its delay with the S1 scintillation time peak, using
a dedicated algorithm developed to reconstruct the S2 signal. All this information is related with
the track topology and with the Ar properties affecting the drifted electrons. For instance, the
measurement of the electron drift velocity at ∼0.5 kV/cm was possible considering the correlation
between the time difference ∆TS2−S1 and the drift distance measured by the CRTs. Combining
the results obtained from the five PMTs, a preliminary value of vdrift = (1.57 ± 0.06) mm/µs was
measured; the error reported is purely statistical. A better event selection is ongoing to improve this
study, results from all the runs available will be included.
4 Conclusions and Prospects
The operation of the 4-tonne demonstrator had a crucial role in the scaling of the DP technology
toward ProtoDUNE-DP. The light detection system fulfilled the basic requirement to be used as a
self-trigger for the cosmicmuons. The characterization and the analysis of the S1 and S2 light signals
demonstrated the potential to use the scintillation light to obtain additional and complementary event
information to the charge signal. The monitoring of the tau slow shows the stability of the LAr
purity for more than five months, τslow = (1.43 ± 0.04) µs. An intermediate component is needed
to fit the scintillation time profile and the corresponding decay time has been measured, τint =
(50.3 ± 6.4) ns. The complementarity of the S2 time with the track topology has been used for a
preliminary calculation of the electron drift velocity at the nominal drift field.
Some of our new results, as the decreasing of the slow decay time and the increase of the ratio
Af/As for stronger drift fields, are in contradiction with other measurements in the literature; this
emphasizes the importance to investigate light properties in LAr to take the maximum advantage
– 5 –
of the information enclosed in the light signal in LAr-TPCs. Similar analyses will be carried out in
ProtoDUNE-DP to improve and clarify these results.
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